INTRODUCTION
Mycobacterium leprae is an important human pathogen that infects macrophages and the Schwann cells of the peripheral nervous system causing irreversible nerve damage, loss of protective sensibility and, ultimately, the severe mutilations characteristic of leprosy. The leprosy bacillus is so well adapted to its intracellular habitat that it has evaded axenic cultivation (Wheeler, 1990) . Studies of M. leprae were greatly facilitated by the development of animal models (Kirchheimer & Storrs, 1971 ; Shepard & Chang, 1962) and its generation time in infected mice has been determined to be 13 d, amongst the longest reported for bacteria (Shepard & McRae, 1965) . Features such as dependence on some key nutrient, requirement for a Abbreviations : RLEP, Mycobactefium-lepfae-specific repetitive element.
The GenBanWEMBL accession numbers for the sequences of cosmids U 2 2 and B1770 reported in this paper are L39923 and 270722, respectively. The mycobacterial database (MycDB) accession number of the complete sequence is MD0058. particular micro-environment with an unusual pH or redox potential, or an abnormal mode of replication of its chromosome would account for the failure of M. leprae to grow in vitro. The great challenge now is to apply modern techniques to understand the virulence mechanisms of M.
leprae, and to resolve the problem of its long doubling time in vivo and its lack of growth in vitro, parameters that severely hamper biological analysis.
To facilitate molecular genetic analysis of M. leprae and obtain direct access to its genes, clones from a 10-fold redundant cosmid library were ordered into four contigs representing the -2-8 Mb chromosome (Eiglmeier et al., 1993) and used as starting material for a genome sequencing project (Fsihi & Cole, 1995; Honor6 et al., 1993) . About 60% of the chromosome has been sequenced and the vast amount of information generated is stored and disseminated via the mycobacterial database MycDB (Bergh & Cole, 1994) . To address the question of the slow generation time of M. leprae and to better understand its growth control mechanisms, we have sequenced and analysed a part of the 0002-0919 Q 1996 SGM
RESULTS AND DISCUSSION
Whilst updating the chromosomal map of M. leprae (Eiglmeier et a/., 1993) , the M. taberctllosisgyrB and dtzaA genes (Salazar eta/., 1996; Takiff e t a!., 1994) were used as mapping probes to identify suitable clones carrying the origin of chromosomal replication as they represent predictive markers for oriC (Cole & Saint-Girons, 1994) . To deduce its genomic organization, two cosmids that hybridized with dnaA were used to obtain the nucleotide sequence of this region. Cosmids L222 and €31770 carry M. leprae chromosomal DNA inserts of 40561 and 37 819 bp, respectively, and overlap by 2972 bp. ORFs present in the resultant 75627 bp segment which has a G + C content of 55.7 mol%, typical of M. leprae, were identified on the basis of their codon usage and database 5-7e-234 3.1 e-123 *The P-value, calculated with the BLAST program, represents the probability that two proteins are related. The lower the P-value, the greater the degree of similarity. tThe expected length of the mature GyrA polypeptide is 853 aa, the remaining 420 aa corresponds to the mle-gyrA intein .
search similarities (Tables 1,Z). The overall organization of the 42 ORFs identified (Table l) , representing a total coding capacity of 603%, as well as the position of the three tRNA genes, a 550 bp M. leprae-specific repetitive element (RLEP) (Woods & Cole, 1990) and the noncoding regions are shown in Fig. 1 . Many of the genes appear to comprise independent monocistronic transcriptional units although there are at least six discernible operons (orf25I-pknC, rpmH-rnpA, dnaN-orfl99, gyrBgyrA, pbpA-phB and orf776-rodA). As observed in other bacteria, transcription of the majority of the genes (28 out of 45) is predicted to occur with the same polarity as replication, assuming that this is bidirectional and that oriC is situated downstream of dnaA. Similarities of predicted ORF products with database protein sequences and matches to PROSITE motifs (Table 2) led to the identification of many of the genes and their biological functions.
Organization of the oriC region
The regions around the dnaA gene are highly conserved in many bacteria such as Escbericbia coli, Bacilltls stlbtilis and Pseudomonasputida (Yoshikawa & Ogasawara, 1991) , and the oriC region of M. leprae resembles those of M. tgberculosis and Mycobacterium smegmatis, as well as that of Streptomyes coelicolor (Salazar et al., 1996) . At least six genes , r p A-rpmH-dna A-dnaN-recF-gyrB (Yo s hi kaw a & Ogasawara, 1991) , are conserved in that order in these bacterial species but there are differences in the presence of ORFs located between them (Salazar e t al., 1996).
Other eubacteria display the same general pattern, but with transpositions or deletions of individual genes. In M. smegmatis, an ORF resembling the gnd gene of E. cob is located between dnaN and recF but is not present in the oriC regions of M. leprae or M. tuberculosis (Salazar e t al., 1996) . The recF gene seems to be absent from certain tuberculosis) is preceded by three DnaA boxes and followed by a further seven (Salazar et al., 1996) . Cloning of the upstream and downstream regions of dnaA in a vector that is nonreplicative in mycobacteria yielded no transformants in M . smegmatis (Salazar et al., 1996) suggesting that specificity may be involved in recognition of the cognate oriC sequence by DnaA protein. Biochemical experiments with DNA fragments containing these putative DnaA boxes and purified DnaA protein are underway to define the exact locations of the DnaA boxes of M.
leprae.
In M. leprae, and other Gram-positive bacteria, the gyrA gene lies immediately downstream of gyrB, whereas in the E. coli, Haemopbilzls infEtreqae and Mycoplasma genitalizim genomes it is elsewhere (Fleischmann et al., 1995; Fraser et al., 1995) . Many bacteria have an rrn gene, or a rRNA operon, closely linked togyrB and together these can serve as a surrogate marker for oriC (Cole & Saint-Girons, 1994 ). The oriC region of M. leprae is devoid of rrn genes and its rrn operon must be at least 1 Mb from oriC as is the case in M. tuberculosis (Philipp et al., 1996) . This unusual arrangement may be related to the slow growth of these mycobacteria or represent a feature of actinomycetes since in S. coelicolor, the closest rrn operon, rrnA, is situated about 200 kb away from gyrB (Redenbach et al., 1996) . On the 5' side, the dnaA gene is flanked by the rpmH and rnpA genes. The former encodes the ribosomal (r-) protein L34, highly homologous to the proteins of S. coelicolor (75 %) and Micrococczls lzltezls (75 %), while the latter codes for the protein subunit of RNase P. As noted by Morse & Schrnid (1992) , RnpA proteins are not well conserved between members of different genera, although the overall net basic charge and size are similar. Analysis of the 5 kb segment to the left of the M. leprae rnpA gene revealed an interesting gene organization. Four ORFs,
60K
(spoIIIJ for B. szibtilis), 50K, gidA and gidB, are found in the corresponding regions of P. putida and B. subtilis, respectively. Their precise functions are uncertain although the 50K protein is a putative GTPase and gidB may be involved in cell division . Of these four ORFs, only the 60K homologue, or-3 72 and gidB are present in the oriC region of M. leprae where the arrangement and sequences of orf3l2 and orfl.93 are homologous to the bicistronic operon spolIIJjag in the corresponding region of B. subtilis (Errington et al., 1992) . The gidA gene is found near oriC, dnaA and gyrB in almost all bacteria studied although translocations have been reported in E. coli, B. burgdorferi, M. genitalimz and H. infuenxae (Fleischmann et al., 1995; Fraser et al., 1995; Ogasawara 8c Yoshikawa, 1992; Old e t al., 1992) . Extending the comparison between B. szlbtilis, P. putida and M. leprae in the same region, orf278 and orf333 of M. leprae are analagous to soj (suppressor of spoOJ and spoOJ of €3. subtilis (Piggot & Coote, 1976) , and to urf263 and of270 of P. putida, respectively . Null mutations in spoO] cause a defect in chromosome partitioning resulting in anucleate cells (Ireton et al., 1994) , and its product is similar to the ParB proteins that control partitioning of several bacterial plasmids. In addition, the product of the soj gene, located directly upstream of spoOJ, is similar to partitioning proteins of the ParA classes although it does not appear to be required for chromosome partitioning in B. szjbtilis. It is suspected that the proteins of M. leprae and P. putida , whch are similar to SpoOJ and to Soj, may also be involved in the process of chromosome partitioning. Proteins involved in active partitioning of bacterial plasmids, and probably also of bacterial chromosomes, belong to a superfamily of ATPases with three distinct conserved amino acid sequence motifs (Koonin, 1993b) .
These motifs are all clearly present in the M. leprae ORF278 protein which is homologous to another protein of 314 amino acids and unknown function (39 % identity), encoded by M. leprae cosmid L247 (gp/L11920), suggesting that they arose through gene duplication. Both of these putative mycobacterial proteins are distantly related (Table 2) to the cell-division inhibitor protein MinD (Koonin, 1993b) , which, in conjunction with MinC, inhibits septation at all potential division sites in B. subtilis (de Boer e t al., 1989).
Genes and proteins involved in DNA replication and metabolism
The M. leprae dnaA gene product, the initiator protein for chromosome replication, contains the four domains (Fig.  2 ) differing in degrees of homology (Fujita e t al., 1992) described in DnaA proteins of other eubacteria. A short homologous amino-terminal section, domain I, is followed by domain 11, which is different in sequence and in length. The next segment, domain 111, is a large, highly homologous region which is separated from the wellconserved carboxy-terminal domain IV by a short variable stretch. Domain I11 contains the four motifs that are common to DnaA proteins and the NtrC transcription activator (Koonin, 1993a; Roth & Messer, 1995) and an ATP-binding site, found in many nucleotide-binding proteins : GXXGXGKT (Koonin, 1993a) . Recently, it was demonstrated by in vitro binding studies that domain IV is responsible for DnaA box recognition (Koonin, 1993a; Roth & Messer, 1995) . The functions of the other individual domains are unknown.
About 2 kb downstream from M. leprae dnaA (Fig. 1) are two ORFs that correspond to dnaN and recF. In E. coli, DnaN is the essential /3-subunit of DNA polymerase (McHenry, 1988) . Binding of this protein is the final step in formation of the holoenzyme and is believed to anchor the core polymerase to the primed template and increase its processivity. Computer analysis showed that mycobacterial DnaN protein is 52 and 45% identical to the with the identical residues evenly distributed along the polypeptide chain of 399 amino acids.
The termination codon for dnaN is immediately followed by the start codon for the recF gene whose product is involved in recombination, DNA repair and induction of the SOS response. Searches for protein patterns in the PROSITE database (Bairoch, 1992) (Fig. 3) revealed the presence of eight conserved domains specific for these proteins (1x4) and six further regions conserved only among RecF proteins of Gram-positive origin (a-f).
Once the strands of the DNA duplex are separated by DnaA, the DnaB helicase is recruited to unwind the helix (Baker e t al., 1986) . A truncated gene, dtzaB', encoding the first 252 aa of a protein highly similar to the B. szhtilis and E. culi DnaB helicases was found at the upper end of cosmid L222 (Fig. 1) . A second crucial role is performed by DnaB; the presence of the bound protein on the template DNA strand empowers the DnaG primase to synthesize multiple RNA primers at many different sites on the template strand (Baker & Wickner, 1992; Marians, 1992) . About 2.0 kb upstream of dnaB' (Fig. l) , is the ssb gene encoding a 140 aa single-strand binding (SSB) protein that is 42 % identical to the B. subtilis SSB protein.
In E. coli, SSB protein not only plays a central and varied role in DNA replication but also participates in DNA repair and recombination (Meyer & Laine, 1990) .
DNA gyrase is a type I1 topoisomerase that catalyses the ATP-dependent negative supercoiling of covalently closed circular DNA (for a review see Reece & Maxwell, (1991) . It is also the primary target of quinolones. Bacterial DNA gyrase is a tetramer consisting of two wellconserved A and B subunits that are encoded by thegyrA and gyrB genes, respectively. The M. leprae GyrA and GyrB proteins are highly similar to other DNA gyrases from several species but especially with the M. tubercdosis enzyme ( Table 2 ). Detailed analysis of the deduced primary sequence of GyrA protein revealed the existence of a 420 aa intein (Perler et al., 1994) , that may correspond to a homing endonuclease, immediately after the catalytic residue Tyr-130 indicating that protein splicing is required to liberate the A subunit of DNA gyrase (Fsihi e t al., 1996) .
Genes involved in cell wall biosynthesis and cell division
Penicillin-binding proteins (PBPs) are bacterial enzymes which are involved in peptidoglycan biosynthesis, and some of them are targets of B-lactam antibiotics. Together with 8-lactamases, they form a superfamily of penicillininteracting serine D,D-peptidases (Ghuysen, 1991 oriC region of Mjycobacterizlm leprae chromosome molecular-mass PBPs, and the low-molecular-mass PBPs (Ghuysen, 1991) . Transglycosylase and transpeptidase activities have been clearly demonstrated for E. coli class A high-molecular-mass PBPlA and 1B (Ghuysen, 1991) . Class B high-molecular-mass PBPs possess transpeptidase activity, and the low-molecular-mass PBPs generally have D,D-carboxypeptidase activity (Ghuysen, 1991) .
PBPs belonging to two of these classes appear to be encoded by the oriC region of the M . leprae chromosome.
The putative product of the M. leprae p o d gene is predicted to comprise 686 aa with a molecular mass of 72.8 kDa and to belong to class A as defined by Ghuysen (1991) . It is most closely related to PBPlA of E. coli (Table 2) . Within the putative penicillin-binding domain, three appropriately spaced active site motifs can be identified : an SXXK box with the active site Ser-356, an SXN box and the K(H)T(S)G triad (Ghuysen, 1991; Spratt & Cromie, 1988) . The M . leprae PBP also contains a hydrophobic domain, which most likely acts as a membrane anchor, at the amino-terminus, and a highly conserved 10 aa sequence found in the amino-terminal regions of the class A high-molecular-mass PBPs (Popham & Setlow, 1994) . This is the second PBP belonging to class A from M. leprae to be discovered as, in a recent study, the characterization of PBPl, which resembles both PBPlA and 1B of E. coli, was described (Basu e t al., 1996) .
Mycobacteria are in general resistant to p-lactam antibiotics ; biochemical and genetic studies in other microorganisms have shown that such resistance involves either enzymic inactivation of the drug or development of PBPs with reduced affinity for the antibiotic (Spratt, 1994) . It is known that the high level of intrinsic resistance to 8-lactams shown by Mycobacterizlm cbelonei and Mycobacterium fortzlitzlm is multifactorial and results from a combination of low permeability to these drugs, reduced binding to PBPs and the capacity to produce P-lactamases (Fattorini e t al., 1992 ; Jarlier e t ai., 1991). It is not clear whether M. leprae produces p-lactamases, although its recombinant PBPl has been shown to exhibit remarkably low affinity for penicillins and cephalosporins (Basu et al., 1996) .
The pbpA gene (Fig. 1) In E. coli, thepbpA and rodA genes constitute a single transcriptional unit at about 15 min on the chromosome in the lez/S-l@ region (Spratt e t al., 1980) and the RodA protein is required for the expression of the enzymic activity of the PBP2 protein (Matsuzawa etal., 1989) . Fig.  1 shows that in M . leprae the chromosomal organization of pbpA and rodA is different since these two genes are separated by 517 bp. Another gene located near oriC that may be involved in cell wall metabolism is cwlA as it shows weak similarity to genes from Bacillux spp. encoding the cell wall hydrolases (Table 2) , that hydrolyse the bond between N-acetylmuramoyl and L-amino acid residues in cell wall glycopeptides.
Translation : tRNA genes, leucyl-tRNA synthetase and
poly(A) polymerase
In addition to rpmH, two other genes encoding r-proteins were identified on cosmid L222, rpl1 and rpsF, separated by about 1.3 kb. The former codes for 50s r-protein L9 while the latter encodes the 30s r-protein S6 (Table 2 ). It seems likely that, as in E. coli, the ribosomal genes are scattered throughout the chromosome and not clustered mainly in one region of the genome as in B. szlbtilis.
Three tRNA genes, ileT, alaT and leal/, were identified on cosmid B1770 (Fig. l) , consistent with the mapping analysis (Eiglmeier e t aL, 1993) . The M. leprae tRNAAla (TGC), tRNA1le(GAT) and tRNALe" (CAG) are 73, 74 and 83 bp in length, respectively, and the highly conserved A at position 37 is present in the Ala and Ile tRNAs. Six other tRNA genes have already been sequenced and, like the r-protein genes, the tRNA genes in M. leprae appear to be scattered throughout the genome, probably constituting independent transcriptional units. This is unlike the situation in several eubacteria where tRNA genes are clustered and often closely associated with rRNA genes (Green & Vold, 1993) but reminiscent of the dispersed arrangement seen in Streptomyes spp. (Sedlmeier e t al., 1994) .
The attachment of an amino acid to its cognate transfer RNA molecule is a highly specific reaction catalysed by aminoacyl-transfer RNA synthetases. The truncated gene for the leucyl-tRNA synthetase, led", was identified on the lower extremity of cosmid B1770 (Fig. 1) . The leucyltRNA synthetases studied so far belong to a subgroup of type I synthetase known as the XUX family according to the classification established by Eriani e t al. (1990) . The M. leprae LeuS' protein contains all of the motifs characteristic of this family. The HIGH box starts with amino acid 101 whereas the second part of the nucleotidebinding site is KIGKS instead of KMSKS found in many organisms.
In recent years it has become apparent that translational control in prokaryotes is also imposed at the level of transcript stability through the addition of multiple adenosine residues to the 3' end of mRNA, leading to accelerated degradation by 3' exonucleolytic digestion (for a recent review, see Sachs & Whale, 1993) . The E. coli pcnB gene encodes a poly(A) polymerase, which catalyses the template-independent sequential addition of AMP to the 3'-terminal hydroxyl groups of RNAs, and its properties are similar to those reported for the mammalian enzyme involved in the polyadenylation of mRNA (Cao & Sarkar, 1992) . The amino acid sequence of the poly(A) polymerase is similar to that of the E. coli tRNA nucleotidyl transferase, the product of the cca gene, which attaches -CCA to the 3' termini of tRNAs but lacks the two nucleotide-binding motifs that occur in the Cca protein sequence (Zhu et a/., 1986) . M. leprae also appears to be able to polyadenylate mRNA as it contains a pcnB gene that encodes a protein lacking nucleotide-binding motifs, which resembles the poly(A) polymerases of B. stlbtilis and E. coli (Tables 1, 2) .
Genes for eukaryotic-like protein kinases and protein phosphatases
Three of the proteins encoded by genes in the oriC region of M. leprae (pknA,phB andpknC) are similar to both the eukaryotic-like serine/threonine protein kinases Pknl and Pkn2 of M~yxococctls xanthtls (Muiioz-Dorado e t al., 1991), to protein kinases from S. coelicolor (Muiioz-Dorado etal., 1991 ; Udo etal., 1995; Urabe 8i Ogawara, 1995) and to another putative protein kinase, Pkn2 (on cosmid B1551) of M. leprae (Table 2 ). The genespknA andpknl?
are contained in the same transcriptional unit whereas pknC is situated in another operon (Fig. 1) . There is 3804% identity in a 271 aa overlap between Pknl and Pkn2 of M. x a n t h , and 4603% identity in a 253 aa overlap between PknA and PknB. Sequences homologous topknA andpknB (data not shown) are also present in the oriC region of the M. ttlbercdosis chromosome (Philipp et al., 1996) .
The catalytic domains of the eukaryotic serine/ threonine protein kinases consist of 11 subdomains, some of which contain highly conserved amino acid residues (Hanks & Quinn, 1991). As shown in Fig. 4 , these characteristic subdomains are present in all of the mycobacterial proteins, except PknC. Preliminary experiments in which thepknB gene was overexpressed in E. coli using a T7 in vitro expression system, and incubated with radiolabelled y-ATP, suggest that PknB can be autophosphorylated. Given the close similarity of PknB to PknA and Pkn2, it is reasonable to expect that this too will have protein kinase activity although it remains to be determined if PknC is really a serine/threonine kinase. Interestingly, situated close to pknA and pknB on the chromosome of M. leprae, isppp (Fig. 1, Table 2 ) whose product is related to a variety of serine/tyrosine protein phosphatases from yeast and higher eukaryotes as well as to products of some unidentified prokaryotic ORFs (Fig. 5) . As the first conserved segment includes the Mg2+-dependent protein phosphatase signature (Bairoch, 1992) and extended similarities are apparent to known eukaryotic protein phosphatases, it is reasonable to suspect that the ppp product may also be endowed with this activity.
Cyclophilin-related proteins
The 182 aa protein encoded by ppiB shows significant homology with cyclophilin-related proteins from eukaryotes, and peptidylprolyl cis-tramisomerases (PPIases) from prokaryotes, including M . leprae itself, that are essential for isomerization of proline peptide (Xaa-Pro) bonds in oligopeptides and for protein folding during protein synthesis (Handschumacher e t al., 1984) . Cyclophilins are a family of proteins that bind the immunosuppressive drug cyclosporin A (Hacker & Fischer, 1993) . In Legioneffapnetl~u~hi, an intracellular parasite that, like M. leprae, multiplies in macrophages, the Mip (macrophage infectivity potentiator) protein is an essential virulence factor that has been shown to exhibit PPIase activity (Fisher e t al., 1992) . A mip-like gene has also been reported in another intracellular bacterium, Cblamydia trachomatis (Lundemose et al., 1991) . The ppiB gene probably encodes the cytoplasmic form of PPIase (since it lacks a signal peptide) and its product is similar (38.3% identity in 94 aa overlap) to that of ypH on M. leprae cosmid B1177 (accession number: gp/UOOOll).
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Fused genes : thioredoxin and thioredoxin reductase (trxA and trxB) located either in separate sites or in a cluster. However, in M. leprae, a single, fused gene trxD, situated -9 kb from dnaA ( Fig. l) , codes for both proteins (Wieles e t al., 1995) . In S. cuelieulor and M. ttlberctllosis, the trx gene(s) are also located near oriC (Philipp et al., 1996; Redenbach et al., 1996) .
Duplicated genes
Curiously, although the function of the povE gene on cosmid L222 (Table 1) (Russel & Model, 1988) . The carboxy-terminal part of the protein has the characteristic cysteine dithiol redox-active peptide -WCGPC-of thioredoxin. In bacteria, the Trx and Tr proteins previously identified were encoded by two distinct genes
To determine how many copies of this gene were present in the M. leprae genome, a Southern blot of DNA digested with four different restriction enzymes was hybridized with an intergenic povE probe (Fig. 6) . Two different hybridizing fragments were detected in two digestions (EcoRI and CfaI, lanes 2 and 4) and their sizes were consistent with those predicted by the DNA sequence of cosmids L222 and B1620, respectively. In the BamHI and Sah digests (lanes 1 and 3), only one hybridizing fragment was identified, but this is consistent with the sequences of both cosmids. From these data it seems that only two copies ofpovE are present on the M. leprae genome. A copy ofpovE was also identified in the oriC region of M.
tzrbercdosis (Philipp e t al., 1996) .
Pseudogenes
High scoring matches (e-20 -e-48) were obtained when BLASTX analysis of the nucleotide sequence from positions 14816 to 15 531 was performed and extensive similarities observed with several ABC amino acid transporters, particularly the glutamine, glutamate and histidine transport proteins. Surprisingly, on translation, no complete ORF was found as four stop codons and two frameshifts were identified, thus indicating that the sequence represented a pseudogene but, nevertheless, the homology with the corresponding regions of amino acid permease genes was clear. Like the other three transport proteins, the 'product' of the glnQ pseudogene would be membrane-associated, with ' Q-linkers ' (LSGGQQQ ; Argos,
Other genes of known and unknown function
Several of the remaining ORFs showed homology to genes described in other micro-organisms although their functions were often unknown. The known genes include pabS, which probably encodes a component of p-aminobenzoate synthase, and mviB coding for a leucine-rich protein (61/379 residues) that shows 26.9 % identity to putative virulence factor genes of S. t_yphimzlrizrm and H. inflzrenzae ( Table 2 ). The products of some ORFs contain motifs found in adhesins and the MutT repair protein, while others were devoid of any known features.
Implications for cell division and genome evolution
A first step towards understanding the molecular mechanisms that underlie chromosome replication in M. leprae is reported in this paper with the description of the oriC region containing key replication genes. No gross abnormalities in the nature or organization of this locus were found which might explain the long generation time and functional studies will be required. Extensive similarities in the general organization of the oriC region of the chromosomes of the related members of the Actinomycetales family, M. tzrberczrlosis (Philipp e t al., 1996) and S. cuelidor (Redenbach et al., 1996) , were detected. Another interesting finding to emerge from the present study is further evidence for genome plasticity in M .
leprae, a bacterium that is generally considered to be genetically inert (Krawiec & Riley, 1990 ; Williams e t al., 1990). Not only is it clear that gene fusion has occurred in the case of the thioredoxin genes but also that gene duplication has taken place, as two copies ofpovE were detected. Gene amplification occurs relatively frequently in bacteria and has been considered as the first step in divergent evolution. For many cellular functions of E. coli there are two genes, as if the genetic programme calls for backup systems. In at least some cases the redundant information is regulated differently and is used for different purposes in the cell. This appears to be the case withpovE as the sequences flanking the two copies are quite distinct. It is also intriguing that the copy located near oriC is situated in the middle of a long apparently non-coding region ( Fig. 1) Pseudogenes are typically observed in eukaryotes and presumably represent duplicated genes that are no longer active because they have drifted in sequence. In prokaryotes, pseudogenes were observed in Bordetella spp. ,
and it was suggested that the genus has evolved relatively recently and that the species are still adapting to a new host (Willems et al., 1992) . In addition to the hisP pseudogene, at least two other pseudogenes exist in the M. leprae genome, These are carried by cosmids B1496 (accession number gi/466868) and B1549 (EMBL/ U00014) and correspond to reading frames with many stop codons and frameshifts that exhibit homology with the glucose-6-phosphate dehydrogenase and the 1,4-aglucan branching enzyme, respectively. It is not clear whether these three examples, which are all related to intermediary metabolism, represent failed gene duplication events or genes that no longer served a purpose in M. leprae and hence accumulated mutations.
